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and	 more	 sensitive	 than	 traditional	 survey	 methods	 that	 involve	







Jerde,	 Mahon,	 Chadderton,	 &	 Lodge,	 2011;	 Thomsen,	 Kielgast,	
Iversen,	Møller	 et	 al.,	 2012).	 Furthermore,	 eDNA	 techniques	have	





(Foote	 et	 al.,	 2012;	 Thomsen,	Kielgast,	 Iversen,	Wiuf	 et	 al.,	 2012)	
making	it	an	attractive	tool	with	little	to	no	species	limitations.
Initial	 aquatic	 eDNA	 research	 was	 limited	 to	 determining	 the	
presence	or	absence	of	a	species	in	freshwater	ecosystems	(Dejean	
et	al.,	2012;	Ficetola	et	al.,	2008;	Jerde	et	al.,	2011).	Subsequently,	
many	 applications	 have	 started	 to	 emerge,	 including	 the	 use	 of	
eDNA	to	determine	species	abundance	(Pilliod	et	al.,	2013;	Thomsen	
et	al.,	2016),	biomass	(Jane	et	al.,	2015;	Nevers	et	al.,	2018;	Takahara,	
Minamoto,	 Yamanaka,	 Doi,	 &	 Kawabata,	 2012),	 and	 population	
structure	(Sigsgaard	et	al.,	2016;	Parsons,	Everett,	Dahlheim,	&	Park,	
2018).	 Additionally,	 eDNA	 research	 has	 developed	 into	 sampling	








attributed	 to	 salinity,	mixing	of	 larger	water	masses,	 and	 tide/cur‐





month	 has	 been	 correlated	with	 higher	 temperatures,	 subsequent	
















al.	 (2016)	 demonstrated	 the	use	of	 eDNA	 to	provide	 estimates	of	
genetic	diversity	in	a	whale	shark	(Rhincodon typus)	aggregation	off	
Qatar	in	the	Arabian	Gulf.	In	this	study,	the	first	of	its	kind,	similar	
mitochondrial	haplotype	 frequencies	were	 recovered	 from	seawa‐
ter	eDNA	compared	 to	 tissue	samples,	expanding	 the	applications	
of	 eDNA	 to	 encompass	 population	 genetics	 of	 aquatic	 organisms	
(Sigsgaard	et	al.,	2016).	A	similar	study	by	Parsons	et	al.	 (2018)	on	
harbor	porpoises	(Phocoena phocoena)	in	the	inland	waters	of	south‐





in	Puget	 Sound,	North	America,	 and	 correctly	 identified	 the	 killer	
whale	ecotype	present	at	 the	time	of	seawater	sampling	 (Baker	et	
al.,	2018).	Furthermore,	positive	killer	whale	detections	were	found	







prompted	 us	 to	 attempt	 eDNA	 sampling	 on	 an	 offshore	 cetacean	
population.
Large	 numbers	 of	 killer	 whales	 aggregating	 around	 vessels	
during	 fish	 hauling	 have	 been	 observed	 from	 pelagic	 fishing	 ves‐
sels	 targeting	 the	Northeast	Atlantic	mackerel	 (Scomber scrombus,	
Linnaeus,	 1758)	 stock,	 along	 their	 spawning	migration	 route	 from	
the	 Norwegian	 Deeps	 to	 the	 northwest	 coast	 of	 Ireland	 (Pinfield	
et	al.,	2011).	Foraging	interactions	between	killer	whales	and	com‐
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2  | MATERIAL S AND METHODS
2.1 | Seawater sampling: NEAM Fishery
Ten	seawater	samples	were	taken	along	the	NEAM	migration	route	
(one	per	 site)	 from	 the	North	 Sea	 into	 Irish	waters	 in	 the	 autumn	
and	winter	months	 of	 2017	 (Figure	 1a).	 Sampling	was	 carried	 out	
from	Irish	pelagic	trawl	fishing	vessels	in	various	weather	conditions	
(Beaufort	 seastate	4–6)	using	 two	methods:	 (a)	 a	 rope	and	bucket	
method	 and	 (b)	 a	Veggerby	eDNA	 sampler	 (Veggerby	&	Veggerby	
2018)	 supplied	 by	 Wildco®,	 Yulee,	 Florida.	 The	 Veggerby	 eDNA	
sampler	 allows	water	 to	 be	 sampled	 from	 a	 predetermined	 depth	






attachment	end	 (when	at	 the	desired	depth),	water	 flows	 into	 the	
sample	bottle,	 the	 line	 is	then	released,	a	spring	closes	the	 lid	and	
seals	the	sample	bottle	before	bringing	it	back	to	the	surface.
Prior	to	sampling,	all	equipment	was	washed	with	soapy	water,	
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were	collected	regardless	of	whether	killer	whales	were	present	or	
not.
For	 the	 rope	 and	 bucket	method,	 a	 2.5	 L	 bucket	was	 lowered	
over	the	side	to	approximately	1	m	depth,	filled,	and	emptied	twice	
to	ensure	any	bleach	or	ethanol	 residue	 from	sterilization	was	 re‐
moved,	 and	 the	 third	 fill	 was	 taken	 onboard.	 From	 the	 bucket,	 a	





over	 the	 side	with	 a	 1	 L,	wide	mouth,	 sterile	Nalgene™	bottle	 at‐
tached	 (Figure	 1d).	 Prior	 to	 each	 sampling	 event,	 the	 eDNA	 sam‐








All	 samples	were	 frozen	onboard	at	−20°C	before	being	 trans‐
ferred	 (on	 ice	 packs)	 initially	 to	 a	 −20°C	 freezer	 in	 the	 laboratory	
and	subsequently	to	a	−80°C	freezer	until	filtration	was	carried	out.




of	 a	 population	 of	 killer	 whales	 which	 predominantly	 predate	 on	
the	 Icelandic	 summer‐spawning	 stock	 of	 Atlantic	 herring,	 Clupea 
harengus	 (Samarra	et	 al.,	 2017).	During	a	 killer	whale	encounter,	 a	
1,080	ml	seawater	sample	was	collected	from	the	sea	surface	from	
a	small	 rigid	 inflatable	boat	 (RIB)	by	hand,	using	sterilized	contain‐


















size	with	 luer‐lock	 outlet	 (Merck	 KGaA)	 using	 a	 prepacked	 sterile	
50‐ml	 luer‐lock	 syringe	 following	 Spens	 et	 al.	 (2017).	 Remaining	
water	inside	the	capsule	was	removed	by	using	the	luer‐lock	syringe	
to	push	air	through	it	until	dry.	Following	filtration,	the	ends	of	the	






samples.	 Following	 filtration,	 a	 sterile	 solution	 of	 1	M	 Longmire's	







All	extractions	took	place	 in	a	 laminar	 flow	hood	away	from	other	
modern	 DNA	 work.	 Extractions	 from	 the	 filters	 with	 no	 buffer	
(NEAM	 fishery)	 and	 from	 the	 Icelandic	 samples	with	 buffer	 were	









tion	 from	 the	 filter	within	 the	capsule	after	 removal	of	 the	buffer	
(indicated	by	a	“c”)	and	an	extraction	from	the	removed	buffer	(in‐
dicated	by	a	“T”).	To	test	for	contamination	within	the	extraction	kit	
or	 from	the	 laboratory	environment,	a	 laboratory‐negative	control	
was	 included	 by	 placing	 all	 of	 the	 kit	 reagents	 into	 an	 Eppendorf	
tube	 without	 any	 sample.	 This	 was	 subsequently	 extracted	 and	
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Table	S1)	 to	 target	 short	 fragments	 (≤	175	bp)	of	 the	mitochondrial	
(mtDNA)	 control	 gene	 region	 (CO1)	 of	 North	 Atlantic	 killer	 whales	
were	 designed	 using	 the	 online	 primer	 design	 tool,	 Primer‐BLAST 
(https	://www.ncbi.nlm.nih.gov/tools/	primer‐blast/	).	Information	avail‐
able	through	GenBank®	was	used	to	maximize	base	pair	mismatches	
between	 killer	 whales	 and	 closely	 related	 species.	 Short	 amplicon	
sizes	 were	 deemed	 necessary,	 as	 it	 was	 anticipated	 that	 the	 sam‐
ples	would	 likely	 contain	more	 short	 fragments	of	DNA	 rather	 than	
longer	fragments	due	to	eDNA	degradation	(Jo	et	al.,	2017;	Thomsen	
&	Willerslev,	2015).	However,	 a	previously	published	 set	of	primers	





tlenose	dolphin	(Tursiops truncatus),	Risso's	dolphin	(Grampus griseus), 
Atlantic	white‐sided	dolphin	(Lagenorhynchus acutus))	and	on	Atlantic	
mackerel,	 using	 standard	 PCR.	 A	 positive	 control	 of	 high	 molecular	
























Quantitative	 PCR	 took	 place	 in	 the	 laboratories	 at	 the	Centre	 for	
GeoGenetics,	 University	 of	 Copenhagen,	 Denmark.	 The	 facilities	
are	designed	for	handling	environmental	samples	requiring	the	most	
stringent	precautions	to	avoid	contamination.	Prior	to	any	work	 in	
the	 laboratory,	 all	 surfaces	 are	 washed	 with	 5%	 bleach	 and	 70%	
ethanol	and	 laboratory	coats	were	changed	between	pre‐PCR	and	
PCR	rooms.
Quantitative	 PCR	 was	 performed	 on	 a	 Stratagene	 Mx3005P	
(Thermo	 Fisher	 Scientific	 Inc.)	 using	 thermal	 cycling	 parameters	
of	95°C	 (5	min)	 followed	by	40	cycles	of	95°C	 (30	 s),	 68°C	 (30	 s),	
72°C	(30	s),	and	finally	72°C	(7	min).	Both	the	long	primers	(H16498	
and	 L15812)	 that	 target	 426‐bp	 fragments	 and	 the	 short	 primers	
(Orca_05)	that	target	175‐bp	fragments	of	killer	whale	mtDNA	were	
used	 in	 separate	 qPCRs	 to	 determine	 whether	 long	 and/or	 short	
fragments	of	killer	whale	DNA	were	present	in	the	eDNA	extracts,	
respectively.	 Each	 eDNA	 extract	was	 run	 in	 triplicate	 alongside	 a	
positive	 control	 dilution	 series,	 the	 field‐	 and	 laboratory‐negative	
controls	 and	 two	 negative	 PCR	 controls	 (UV‐treated	 laboratory‐
grade	water).	The	positive	control	used	was	the	~	100	ng/μl concen‐
tration	of	DNA	extracted	from	killer	whale	blood	in	a	dilution	series	





















for	 killer	whale	DNA	 to	 the	 killer	whale	 reference	 genome	 (Foote	
et	 al.,	 2015)	 and	 then	 compare	 to	 a	 global	 dataset	 of	 killer	whale	
genomes	(Foote	et	al.,	2019)	setting	the	minor	allele	frequency,	so	
that	 only	 SNPs	 (single	 nucleotide	 polymorphisms)	 also	 present	 in	
the	global	dataset	would	be	called	in	the	eDNA	datasets.	This	would	
therefore	 identify	 the	 potential	 source	 populations	 of	 any	 killer	
whale	eDNA	detected,	based	on	the	sharing	of	rare	alleles.
Nine	of	 the	eDNA	samples	 (01,	13,	14,	15,	17c,	17T,	20T,	20c,	
21c)	 were	 randomly	 selected	 for	 whole‐genome	 enrichment	 cap‐
ture.	Dual‐indexed	DNA	 libraries	were	 built	 on	 16.3	μl	 of	 extract	
using	the	BEST	library	build	method	of	Carøe	et	al.	(2018)	and	then	
individually	amplified	for	15	cycles	with	an	annealing	temperature	of	















(Homo sapiens),	 Atlantic	 herring,	 and	 a	 set	 of	 unplaced	 scaffolds	
of	 the	Atlantic	bluefin	 tuna	 (Thunnus thynnus)	 genome	 (the	 clos‐
est	available	related	genome	to	Atlantic	mackerel)	were	included.	
After	 removing	 indexes	 and	 adapters	 using	 AdapterRemoval	
(Lindgreen,	2012),	sequences	were	converted	from	fastq	to	fasta	
format	 using	 seqtk	 (https	://github.com/lh3/seqtk	).	 Sequences	
were	 then	 compared	 against	 the	 custom	 database	 and	 the	 re‐
sults	were	downloaded	and	visualized	in	MEGAN	v6.14.2	(Huson	
et	 al.,	2016)	where	a	naive	LCA	 (lowest	 common	ancestor)	 algo‐
rithm	with	stringent	parameter	settings	(Min	score	=	60,	Max	ex‐
pected	=	2e‐10,	Min	percent	identity	=	100,	Top	percent	=	1,	Min	





Ten	 seawater	 samples	 were	 collected	 from	 the	 Irish	 NEAM	 fish‐






two	were	 unconfirmed	 distances	 as	 sightings	were	 reported	 by	 a	
crew	member	afterward,	but	 the	animals	were	 likely	within	20	m.	
In	Iceland,	four	seawater	samples	were	collected	during	four	small	






Altogether,	 DNA	 was	 extracted	 from	 18	 seawater	 samples,	 10	
from	 the	NEAM	 fishery,	 and	 8	 from	 Vestmannaeyjar,	 Iceland	 (4	
samples	duplicated;	4	×	capsule	(“c”),	4	×	buffer	(“T”)).	The	eDNA	
extracts	 (no	 field‐	or	 laboratory‐negative	 controls)	were	 run	un‐
amplified	on	an	electrophoresis	gel	with	a	100	bp	and	1	kb	 lad‐
der	 to	determine	 the	 fragment	size	of	 the	DNA	captured.	Bright	
bands	appeared	on	the	gel	at	>10	kb	length	(Figure	S1),	indicating	
that	long	fragments	of	DNA	were	present;	however,	the	source	of	
the	DNA	was	 unknown.	 The	 presence	 of	 high	molecular	weight	
TA B L E  1  Summary	of	eDNA	samples	collected	during	the	Northeast	Atlantic	mackerel	fishery	and	around	Vestmannaeyjar,	Iceland,	in	
2017









7 23/01/17 NEAM	fishery 59.56965 −5.78242 5 RB 900 15–20 5
8 30/01/17 NEAM	fishery 59.4761 −5.71468 6 RB 900 4–5 5
1 04/02/17 NEAM	fishery 58.65952 −7.34317 5 RB 900 0 –
10 10/02/17 NEAM	fishery 56.88175 −9.07112 5 RB 900 0 –
2 16/02/17 NEAM	fishery 54.54722 −10.4862 6 RB 900 0 –
12 25/10/17 NEAM	fishery 59.39928 −0.71467 5 P 1,000 3 Unknown
Seen by crew
3 26/10/17 NEAM	fishery 59.51683 −0.40833 6 P 1,000 0 –
13 30/10/17 NEAM	fishery 59.47365 −0.91898 5 P 1,000 9 10
14 30/10/17 NEAM	fishery 59.44285 −0.98578 4 P 1,000 60–70 1
15 07/11/17 NEAM	fishery 59.26367 −0.70128 6 P 1,000 1–3 Unknown
Seen by crew
17 13/08/17 Vestmannaeyjar 63.31997 −20.40092 2 RIB 1,080 9 ≤20
19 13/08/17 Vestmannaeyjar 63.31365 −20.61658 2 RIB 1,080 11 ≤20
20 16/08/17 Vestmannaeyjar 63.32983 −20.29463 2 RIB 1,080 8–15 ≤20
21 16/08/17 Vestmannaeyjar 63.38752 −20.32883 2 RIB 1,080 20 ≤20
Notes: Includes	number	of	killer	whales	sighted	and	closest	distance	of	killer	whales	from	the	vessel	during	seawater	sampling.
Abbreviations:	KW,	Killer	whale;	NEAM,	Northeast	Atlantic	mackerel;	P,	eDNA	sampler	pole;	RB,	rope	and	bucket;	RIB,	rigid	inflatable	boat.
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DNA	could	stem	from	either	DNA	extraction	from	whole	organ‐
isms	(e.g.,	planktonic)	present	in	the	seawater	sample,	or	from	in‐
tracellular	DNA	 (incl.	mackerel	or	killer	whale)	 shed	 just	prior	 to	
seawater	sampling.
3.2 | Quantitative PCR















cycle	 threshold	 (Ct)	 of	 the	 positive	 control	 dilution	 series	 corre‐
sponded	well	with	the	relative	concentrations	(Figure	2).	However,	
only	one	eDNA	sample	(02)	had	a	Ct	of	35	cycles	or	less	(Figure	2),	































genome	 (Table	 2).	 Comparison	 of	 reads	 that	mapped	 to	 the	 killer	























we	 successfully	 amplified	 Atlantic	 mackerel	 DNA	 from	 the	 same	
eDNA	extracts	using	qPCR,	suggesting	that	the	false‐negative	de‐
tection	 of	 killer	whale	DNA	was	 not	 due	 to	 issues	with	 the	DNA	




DNA	was	 an	undetectably	 small	 component	of	 the	environmental	
metagenome.
The	qPCR	results	were	supported	by	the	results	of	the	whole‐ge‐










similarity	 to	 the	 references	were	 included,	but	even	 then,	 there	 is	a	




degraded	DNA	 is	not	detected.	Furthermore,	comparing	all	 reads	 in	
the	enriched	eDNA	libraries	that	mapped	to	the	killer	whale	genome	
to	a	global	dataset	 (Foote	et	al.	2019)	 found	no	shared	SNPs.	Thus,	
there	 is	 a	 strong	possibility	 that	 these	 reads	originate	 from	another	
species,	but	map	to	conserved	regions	of	the	killer	whale	genome.
The	 need	 to	 consider	 potential	 contamination	 from	 sampling	 or	
laboratory	sources	is	especially	relevant	when	working	with	complex	
samples	 expected	 to	 contain	 low	 quantities	 of	 DNA.	 Trace	 human	
contamination	of	sequencing	data	that	were	found	in	8	of	the	9	sam‐
ples	 is	 an	 inescapable	 issue	 in	modern	 high‐throughput	 sequencing	
facilities	(see	Hooper	et	al.,	2019),	as	well	as	microbial	contamination	











ologies	used	 in	 this	 study	and	 in	 the	 recently	published	Baker	et	al.	
(2018)	study	which	successfully	amplified	killer	whale	eDNA.
In	 this	 study,	 samples	were	 collected	offshore	 (NEAM	 fishery)	
and	inshore	(Iceland)	in	non‐sheltered	areas,	in	both	calm	(Beaufort	2,	
Iceland)	and	adverse	weather	conditions	(Beaufort	4–6,	NEAM	fish‐
ery).	Weather	conditions	were	not	 ideal	 for	eDNA	collection	 from	
the	mackerel	fishing	vessels,	choppy	seastates	of	Beaufort	4–6	are	
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seawater	 samples.	 For	 example,	 animal	 behavior	 during	 sampling	
may	be	an	important	factor	to	consider.	Killer	whales	may	defecate	




feces	 are	 known	 to	 float	 (Gillett,	 Frasier,	 Rolland,	 &	White,	 2010;	
Stewart,	2019).	Lack	of	fecal	matter	from	the	target	organism	may	
reduce	the	successful	capture	of	target	DNA.	In	addition,	colder	sea	




















erel	 schools	being	present	at	 the	 time	of	 sampling.	The	amplifica‐
tion	efficiency	of	the	serial	dilutions	in	each	qPCR	was	assessed,	and	
these	were	near	 the	expected	100%,	and	 therefore,	 there	was	no	
evidence	of	PCR	inhibition.	Values	well	above	or	below	100%	could	
indicate	 inhibition,	 sub‐optimal	 primers	 or	 reaction	 conditions,	 pi‐
petting	errors,	or	 formation	of	non‐specific	products	or	primer	di‐
mers	 (Collins	et	al.,	2018).	The	probability	of	eDNA	detection	also	
depends	 on	 the	 number	 of	 samples,	 volume	 of	 water	 collected,	
timing	 of	 sampling	 (e.g.,	 breeding/spawning	 season),	 sample	 con‐
centration,	 preservation	 methods,	 number	 of	 PCR	 replicates,	 and	













wake	of	 cetaceans	may	be	necessary	 to	 increase	eDNA	detection	

















Total Killer whale (O. orca)
Atlantic herring 
(C. harengus)
Atlantic bluefin tuna 
(T. thunnus) Human (H. sapiens)
Number Number % of total Number % of total Number % of total Number % of total
1 158,520 29 0.0183 42 0.02649 215 0.1356 440 0.2776
13 627,741 26 0.0041 47 0.0075 52 0.0083 867 0.1381
14 622,471 31 0.0050 68 0.0109 38 0.0061 2,806 0.4508
15 2,266,335 42 0.0019 621 0.0274 439 0.0193 1873 0.0826
17c 10 0 0 0 0 0 0 0 0
17T 10,258 42 0.4094 4 0.0390 5 0.0487 86 0.8384
20c 212,810 16 0.0075 37 0.0174 7 0.0033 32,186 15.1242
20T 13,709 25 0.1823 4 0.0291 5 0.0365 433 3.1581
21c 359,154 67 0.0187 146 0.0407 5 0.0014 1,772 0.4939
Note: Sample	details	are	provided	in	Table	1.	Two	extractions	were	carried	out	on	each	of	the	Icelandic	samples	(17–21);	an	extraction	from	the	filter	
within	the	capsule	after	removal	of	Longmire's	storage	buffer	(indicated	by	a	“c”),	and	an	extraction	from	the	removed	buffer	(indicated	by	a	“T”).
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and	the	number	of	 field	replicates	 is	advised	 in	order	to	achieve	a	
reliable	 result	 (Leray	 &	 Knowlton,	 2015;	 Piggott,	 2016;	 Schultz	





















Much	of	 the	published	eDNA	 literature	highlights	 the	use	and	ap‐
plications	of	eDNA	as	an	important	conservation	tool	for	the	moni‐
toring	of	animal	populations	and	provides	compelling	evidence	for	
eDNA	 analysis	 as	 a	 potential	 replacement	 for	 traditional	 genetic	
sampling	 methods,	 for	 example,	 physical	 handling,	 biopsying	 and	





















lake,	 inshore/offshore,	 sheltered/non‐sheltered),	 weather	 condi‐
tions,	 sea	 surface	 temperatures,	 animal	 behavior,	 body	 size,	 age,	
density,	 along	 with	 habitat	 use/frequency,	 sampling,	 and	 storage	
techniques	 are	 all	 important	 factors	 that	 are	 known	 to	 influence	
























replacement	 of	 tried	 and	 tested	 techniques.	 We	 support	 current	
recommendations	 that	 advise	 pilot	 studies	 be	 performed	 on	 new	
systems/organisms	before	implementing	eDNA	monitoring	(Hansen,	
Bekkevold,	Clausen,	&	Nielsen,	2018;	Harper	et	al.,	2018),	and	fur‐
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